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I.perimental

Introduction

3tudies of the pressure-tempe,,rature-cormposition rela-

tionships for the vurious rare earth mretal-hydrq~er systolne

comprised a major line of investieatior. of these systemrs,

Such an investiation demunds the use of a vacuum line,

wit) suitable methods of mneasurin. pressure, terperaiturep

and composition. MethtIods of rreasurement will be described

briefly here$ urnd a more complete description of the appa-

ratus constructed for use will be found in tbe folloviing

sections of this chatpter.

Pressure measurements were m.0e usin,* a me-rcury ma-
norieter, a cati-otoi'.ter,, or a M~cLeod etaue., depondini- on

the marnitude of the pressure to be ricasured.

hieh-tem'pe'rature therraostatted furnace w.as used to

maintain tem!Ieraturtcsp wtiLch were mousurod withr Lherno-

couples.

......
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silica torsion balance was constructed for use in

determining the composition of the solid phase present. In

a few experiments a silica helix bal.,noe was used.

Lpparatus

Vacuum line.--A schematic diajrar of the vacuum line

constructed for use In Lhese Investitjations is shown in

kigure 1. It may fe seen frow. the diatram that tYe line

consisted essentially of two different sections, one of

which was used in prepirin the sai.:los for X.-ray diffrac-

tion studios, and the other for dissociation pressure meas-

uremonts.

The former included a T,"oopler pump an,' ias buret, and

a 4rournd-L]ass Joint for att.cin t 'r ap :r-,tus wilth the

capillaries scaled to it. detailed dvscription of this

ar par.,tus in :.ivon In apter V. 'Tho otY.er section of the

line included a mercury manometer, a 1-liter storae bulb,

a connection to the Lorsion balance, and an opofnin, Via

stOpcock, to the outside, for use ir. :liss-blowine or in

admittin nitro en to tto lir.e. LtM-e' section could be

evacuated "ith a mercury diffusion ;umrp urnd fore-pump.

Both sections used the same '.oLeod gauge, and were also

connected to the saure urtniu ,. h.7tride reservoir used for
purifying the hydroj on. )-or experimnnts usir. deuterlum, a

uranium douterido resorvoIr was scaled firectly to the line.
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Uanometor.--The manometsr was constructed of 13-u..

tubirc, and both arris were conrcted througi stopooc'rs to

tthe manifold. headin,8 were made to the nearest estimated

0.1 mm. in each arm. i. Elass -oale was used, and tempera-

ture corrections applied wtien Justified (International

Critical Tables, I, 68-69). The resultLn6 values were

rounded off to the nearest millimeter.

Cathetometer.--The catheto.eter used was actually a

small travellinE microscope wM-cn had been convlrted to a

telescope by use of a different objective lens. It was

read to 0.01 nm. for each" arr. of tho -.anometer. Toirperature

correction for a brass scale was applied, and resulting

pressure vulues were rounded off to the nearost 0.1 m..

unless the pressure beini re.d waus in the l Ateau reCion

discussed tolow. 1ho curlhetorietor was used for the pres-

sure rune e of 3 to 40 mm.

icLeod gauge.--The icLeod daue used was similar to

that described by 'tro (19.38). Callbr, tLon and operation

of the .uutt ;erc also esse:tially the same as described

there. 'ie principal point of difference worth notini is

that there was u small bull, blown in the lower end of the

capillary atop the larte bulb V1 , iivir; a value of Aho of

2.O0 co. The equaLions for- tbe lo* and high pressure ranE-

of were:
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1) P - 4.10 x 106(hcm)2 mm., corrosj!onding to (14)

of Stron8 , and

2) P - 0.Ol(,hmm) U!,., corresponding to (15) of

atrong.

The largest value of Ahmm possible in 1) was about

125 mm.# oorrespondint to a pressure of about 0.064 mm.,

and the largest value of Ahm " possible In 2) was .110 mm.,

oorrespondine to a pressure of 3.1 ms. Iteadings for equa-

tion 2) were too low by l because of pressure in the cap-

illary, and they were too t'ih by about 0..50 because of the

temperature factor. The net effect of about 0.V error due

to these factors was neelected, since redln~s were taken

to the nearest imr. unless t1.a value of Ah was of the order

of 10 nr., in wbi-ch case an effort was made to obtain a

more careful reading.

Readings for equation 1) were also ta'len to the near-

est mm.v and since the lowest presures measured were usu-

ally above 0.01 mm., corresponding to Ah of 1p1roxim.Ately

60 m,., an error of about 2, was possible here.

Oas buret.--The Las buret consisted of five bulbs,

and was conretets at Its upper end to a Toepler pump of the

usual desitEn of 150-cc. cpacity, and at its lower end to a

mrcurv reservoir and to vertical lengths of tubing of the
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lilix balance.--In a few of the experiments in which

snallor metal sawples were used, especially with the metals

ytterbium and samarium, a silica helix balunoe was used, of

the usual design. Its total capacity was approximately 300

mg. Lxtenslon of the helix with respect to a fiducial

pointer was moasurad with a fliar nicrotmter microscope.

Sensitivity of the set-up used was 0.36 mg./scale division.

This balance was used orly for douterlde preparations, in

w.hich tY.o maximum ircrease in welijht of a 200-m.. sample

4 would be 6 to 8 mL. Since 0.01 scale division could be

read, hcijl accuracy In measurinE composition aprours possi-
ble of beinj attairmd,. tut ti. wtts to a large extent nul-

lified by irreproducibility of the readinLs, owinE princi-

pally to vibration. iccuracy of composition moasuremonts

is estinited to te within 1%, however.

rature thermostetted, urnat--See Tfmioal Report nI.

-P 'j



Ile rmocouples .-- oeratures were measured using

Chromel-,tlumel thermocouples, constructed of ?:o. 20 wire

(0.81 nr..) and checked araInst standard mltin -point saw-

pies of zinc (419.430 C.) and aluminum (659.70 C.) obtained

from the Natiorial ,;ureau of L'.tundards. its first prepareds

these thormocouplos st owed a deviation from the stardard

samples of less than 0.20 C. (<0.01 millivolt). tith pro-

lonjed use, howevor,, the therr.ocouplos I-oCan Lo read hph,

and corrections amountin, to as nuch as 20 C. had to be ap-

plod. :'tanrdar convorsion tablos ",'tundard .1C1.l" pub-

lished by the Loods t& :.orthrup Com,,;any wore usud.

The t er.-ocouple wires adj.Acert to t, e junctions were

threaded throuth twin-bore porcelain insul.to-s, v.icb were

then inserted into lengths of 7-mm. vycor tubinek. 'This tub-

ine, in the case of the hot junction, was f.stened to the

lone silica tute extendint down into the furnace, so that

t-e junction wits at the sume level as the sample inside the

molybdenim-foil cup. The cold junction was mairtained at

00 C. in an ice-water mixture in a Dewar flask.

r-oteritioetr.--':h:rrocouwle voltages werc mcsured

usin e a Leeds k Ihortbrup I'ortable Frecision Fotontioneter
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.odel No. 8662. In the temperature ranime of the experi-

vents tbe correspondinE voltages extended from approximately

22 to 35 millivolts, and the instrument could be read to

the nearest 0.01 millivolt, equivalent to ap[.rozimutely

0.240 C. Thc standard cell In the intstrument was occa-

sionally checked ajauizst i.ppley standard cells which bad

been compared to K. . 3. cells.

Reage, ta

Preparation of the metal samples.--The metals lan-

thanum, ceriur, praseodymium, neodymium, samariur, and yt-

terbium were obtained throuth the courtesy of E1r. P. I.

.;peddine or Lhe £nstitute for ,ntomic liesearch, Iows State

Colloo, ,tros, lovia. 'ibe preparation of tho first four of

tbose metals by reduction of the rare earth c*loride with

calcium. is described by 4peddini ; Daane (1952). 'These met-

als were described by Dr. 'peddingI as containini the fol-

lowink possitle impurities, below the lirits indicated:

7 <150 ppm (a in each metal;

<500 ppm Le, Fr, and bd In the La;

<500 ppm kd and La in tho Ce and Fr;

<600 ppm 'm in the Nd;

a few ppm I e and kig, and some dissolved nitride and

ISpeddinrg, k. H. Private coirunieation, 1951.

t!
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oxide (perhaps 0.1 to 0,2;; oxide) In each metal*

The preparation of samarium and ytterbium by reduction of

the oxides witb lanthanum and simultaneous volaitilization,

has been described by Iiaane, Dennison & Spedding (1953).

Spectro~raphic analyses were supilied and Cave the follow-

ing data:

Flamarium: 40.0l.- Cae 1;
<0°05' hd, and Cdj
^00.25."0 Lu;
La, 'i, Ta not detected.

Ytterbium: <0.01. Al, Ca, lia;
kep La, Lu, Ta, Tm not detected.

Buropium metal was prepared by the same rwtrod tbrough

the courtesy of Pr. "poddinL fror europium oxalate decahy-

drate graciously loaned by Mrs. Perbert r:. McCoy. The met-

&I contained <150 ppm La or Ca, with Cd, e o, Cu, Ta,

and :;i not detected.1

The metals lanthanump cerium, praseodymitm, and noo-

dymium were received under mineral oil, and stored in this

wa'. A recent communication from Dr. Spedding stated his

belief that this is poor practice, and that tl'e rare earth

metals slowly react witki the oil to form hydrides and oar-

bides In the mw.tal.2 l's also stated that metal which has

been stored under oil evolves considerable tamp most of

which is hydroeen. , welib.t decrease of the order of 1 mg.,

1 #2Spodding, k. H. Private cormunication, 1955.

40
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possibly owing to loss of hydrogen was observed a number

of times in this investigation when samples of metal weigh-

ing approximately 750 mg. had been heated to 600 C. in a

vacuum.

Samples of these metals were prepared by first out-

ting the large massive block into smaller pieces of slight-

ly more than the desired weight with a glass-cutting wheel;

simultaneous cooling by a stream of water was essential.

Individual samples were cleaned with a file under mineral

oil, rinsed in light petroleum ether (Ske.ly A), and subse-

quently kept under this liquid until they were placed In

the pan of the torsion balance, except for time spent in

weighing them. This procedure of cleaning, weighing, plac-

Ing on the balance, and subsequent evacuation of the system

was always carried out as rapidly as possible.

Ytterbium and samarium were merely kept stored in

small, tightly-closed containers, since they react very

slowly with air. Samples were prepared as described above,

except that they were not cleaned under mineral oil, and

were out initially with a chisel.

Europlum metal is much more reactive than =7 of the

rare earth metals mentioned above. It was kept sealed in

glass under vacuum, and samples used were made up of shav-

inges out off with a knife, in a dry box filled with C02.



Purification or hydz'oen.--TaW'c hydroben was passed

first throudl a 'Teoxo" platinized asbestos catalyst, to

convort tbe oxyken impurity to water# are. then throu~b a

dryi-1n tube containin, "Asnhydrore" (n. nesium rorc1lorate).

It was then passed throuch u uruniumi hyclrido rnaorvoir,,

which was mt~ntulned at u temperature OIL' approxim.,ely 7500

C. If only a small cquuntity or k-di'ogn was desired, It

warn sometimes obtai±ned by merely hoatim, the rosorvoir, to

evolve the desired amount (!.peddin,, tNevitor, *.arf, Jolinson,

Nottor'f, John* & Laane, 1949). nturdy & Yiulford (1956)

\ I mention that masns spectrometer analysis of hycdro~eri ob-

tained fror. the thermal docom~l.osition of uranium hydride

has s.own the major Impurity to te 0.024 nitrog en.

Deuterium~ was obtained from a reservoir of uranium

deiteride, whicb had been prepured frorr massive uranium

and tank deuteriume Whe latter was obtained from the !tew-

art Oxygen Company, "rid was labelled as 99.51 deuterium*

V.9 molecular wel, bt of the Cue assuming 0.54) hydrogen,

if was calculatedI as (0.995 x 2.0147) + (0.005 X l.0081)w

2901o

Procedur'e in 1prepuringhydr'ides

be folloiinC p.ura~raphis describir., hydr'ida prepara-

tions apply to preparation& on the torsion and helix bal-

anoos, and in tto '.-.ray cupillary apparatus, described in
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Chapter V. As a rule the mt.tal samples, prepared as des-

cribed in the preoedinL section, were out~assed for several

hours at 600° C., and then cooled to room teoperature be-

for e hydroeen was admitted to the system. Feuction usually

occurred in a few minutes after this preliminary treatment.

Metal samples iihich had not undertone ,this preliminary

treatment did not usually react .ith h!droi:an until they

had been heate, to a± tomperaturo ,.hich varied over a range

of 260-3650 C., at least for a num!-er of latnthanum and ce-

rium samples. However, on a few occasions reaction did oc-

cur ut room temperature even without any preliriinary heat-

Ing or oute~assine of the sample. On a fow occasions hydro-

gen was admitted to metal samples which were beinE main-

tained at a temperature of upproxim4tely 3000 C.; reaction

was usually In.edi, te under such circumstanoes.

Some plots showint the quantity of hydrogen absorbed

with time are kiven in 'pendix I, 1-iLures 9-12. These are

all for samples of metal which bad not previously been

treated with hydroken.

In an effort to obtain maximum absorption, the reao-

tion, once it had be6un, was usually allowed to continue

at room temperature. 1.esults wore not very concordant, as

absorption usually occurred to u hydroeon:metal atomic ra-

tio of ftrom upproxzmutely 2.6 to 2.9. On one occasion
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absorption to 2.9 was measured volumetrically for a sample

of lanthanum hydride prepared in the ).-ray capillary appa-

ratus. If the hydride samples were taken through addition-

al heatin . and coolint cycles, in which hydroten would be

evolved and re-absorbed, and atain allowed to cool to room

temperature in hydroLen, additional absorption often oo-

ourreds, to a somewhat hihor bydrogen-metal atomic ratio.

This additional absorption on lonrer treatment is in-

terpretod as a sin ttat initially the entire metal sample

had not reacted with hydro&en. such behavior provided the

largest contritution to the error In tho moasurement of the

compositlon of the product. This matLer has alroady been

mentioned above in connection wYitl the ruport of Muthmann &

Baur (2902). It is bulioved that such incomplcto reaction

may be due to at; oxide layer on the grains of the massive

metal sample. Aim ilarly, tbe initial lack of reactivity of

most metal samples *blch had not undergone any preliminary

beatinr, and outtasslnt may also be due to the presence of

oxides.

Measurement of dissociation pressures
As a rule, dissociation pressure curves were obtained

lsothermally--thut Is, tbo terperatur,. was maintained at a

oonstant value, and hvdrogen was added to the system or re-

moved trom It. Once equilibrium had benn reached# the

I
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pressure was measured, and tho composition was determined

from the readin& obtained with the torsion balance (or the

helix balance). jittually, a number of roeln,,s were often

taken, until It was secn ttat the system was not underjoing

further chance. LquilibrLum was usually established quite

rapidly, however, and as a rule measurements of different

points were made 10 to 15 minutes apart.

Most of the dissociation pressure data were obtained

both by dosorption and absorption of hydrogen by the sam-

4 pie. This is to say that an Isotherm at a &-ven tempera-

ture was usually first constructed from a series of points

obtained by evolution of hydrogen from the sample. A cor-

respondin6 isotherm was then constructed fron. a series of

points obtainod by rc-absorption of hydro;on by the sample.

Such pairs of isotherm& usually showed bood arocnent, well

within experimental error. In plots of the data, only a

single Isothorm has therefore boan druwn through all points

obtained at a 6ivcn tem.perature. ITh dissociation pressure

data obtained for the various metal-hydrogen systems are

Civen in iippendix II, Tables 7-18, and are shown Eraphie- 2

ally In pMndix I# kieures 13-25.1

Two graphs are presented for each system: one for

the plateau-pressure region and lower pressures at very low
compositions in the few instances In which these latter
points were obtained, and the second graph for the high-
pressure region.

777,-

I
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The isotherms for the systems formed by hydrogen and

the metals lunthanum, cerium, praseodymium, and neodymiuM 1

displayed in general the behavior first doscribed in de-

tail by Sieverts & Muller-Coldegg (1923) for mischmetal-

hydroeen systems at 8000 C.; that is, they consisted of

three different branches. These are: 1) an Initial as-

cendinE curve at low hydrogen composition, 2) a constant-

pressure plateau indicatln the co-existence of two solid

phases, and 3) a final ascendine curve extending into the

region of higher hydrogen composition.

The exact limits of the two-phase region were not

very precisely determined in most cases, but it was appar-

ent that they were dependent on the temperature and the

particular metal. In general, however, Lhoso lirits were

near the compositions 'H*O. 4 and MI1l.8, approuchin each oth-

er as the temperature was raised, and thus indloatinC that

above a certain "critical" temperature the horizontul por-

tion of the Isotherms would disappear.2 This disappearance

was observed by everts & Ihoell (1925) tor isotherms at

flQO c. However, as the authors reportedp samples which

1The samarium-hydrogen system is discussed in ,'ppen-
dix IV.

2 Aetually# the 8009 C. isotherms, as dotermined by
.;overts & Muller-ColdegC and also for some systems in the
present investigation, already display a sli,:ht slope in
the plateau pressure region.

14

:I
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had been pumped on at this temperature melted, though

hydro.en-rioh samples did not. lhe isotherms Fave no in-

dication of the formation of the liquid phase. It was not

established that a sumple i.blch had been melted in this

manner would still absorb hydrowen, and Usplay a plateau

in the dissociation pressure isotherm at 8000 C. Other

complications here would be possible reaction with the con-

tainer, and vaporization of tie rare earth metal. 'Phis

would be an interestin% retion for further Investigations.

The limits of the two-phase region found at 8000 C.

by Sievorts & '!uller-Coldeog were no:.r the compositions

kH 0.2 and MHI... Maximum absorptions in nost of their ex-

periments went only to compositions of .11 2.7, however, com-

pared to X2.9 in the present investi-ition, as discussed

below.

She dissociation pressure vaiues reported by Sleverts

& Muller-Goldegg for the two-phase region of the 8000 C.

Isoth rms are approimutely the same as those determined in

the present investi.ation. Zhukov (1913) had earlier re-

ported that the disociation pressure between 450P and 5100

C. for cerium hydride was about 1 um. as lon. as the pro-

portion of hydrogen did not exceed that corresponding to

C*B2, but this is very hlb compared to the pressure of ap-

proximAtely 0.02 mm. found for the cerium-hydrogen system
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at the considerably higher temporature of 5980 C. in the

present investi,,tion.

Isotherms reported by .Julford & holloy (1955) for the

cerium-, praseodymium-, and neodymium-hydroren systems are

very similar to those reported in this dissertation. No

very significant differences exist. One point of differ-

ence is the location of part 3) of the Isotherms Aith re-

spect to the conposition axis. R eference may be made here

to the precedint section on preparation of the hydrides, in

which there Is :Iven a short discussion concerning the

often-observed initial incomplete reaction of the entire

metal samf le with hydroger. It was found that even after a

number of heatiri, and coolln6 cycles, and sutsequent meas-

urement of a series of points at euch of a nunler of differ-

ent temperatures, sudden additional absorption would occur.

8;ubsequont re-determination of the Isotherms would show

them to be shifted to the riJht alone the composition axis,

toward hiher compositions. Often later experiments, car-

vied out in an effort to determine the reproducibility of

earlier results, showed a similar dieplacement of the Lso-

therms. Xany of the results were discarded because of this

effectp and those remainin, at least in the region of the

thLrd, or asoendinL branch of the Isotherms, were usually

derived from experiments in vihich the maxirum absorption



had reuAched a 0omposition of approximatel7 L!.J.9 after
sovOral cycles Of hoating and Coooing.

Plateau pressures, which Mulford & HolIo7 also re-
ported for the lantbanum-hydroeen system, are not too
widely different, except in t.e case of cerium. A more
detailed comparison is Liven below.

4,

-i

r



RATE 0OF ABSORPTION DATA

. ..........



3.00

2.80- o 0 C

2~60 &ocP&2O 02000

20 00

02.0

2oOOo

0..%1080

0

1.60- 0

0
001.40- 0

V~4

1.2 C)

i 1 . 0 0 - 0

0.80-
0

0.60 0

0-40

0.20 0

0.0 o600 1000 1600 2000 2500 3000
Tim. (seconds)

Figure 9

Rate of absorption of hydrogen by cerium°
Temperature-400 C ,, Pressu-e 770 rpm,
Experiment 7-218.

Sample had been outgassed at 6000 C.
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Figure 12,
Rate of absorption of deuterium by ytterbium4

Temperature 4000 C., initial pressure 450 mm., final
pressure 350 -.- Temperature had inoreased slightly at
85-minute mark, increasing rate for a time. Data from Ex-
periment 6-219. The metal had been exposed to deuterium
about 20 hours at room temperature, and then was heated
over the course of 55 minutes to 4000 C., at which point
the graph above begins. Maximum absorption went to YbDIq9-
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